INTRODUCTION
Since the mid-1970s numerous articles have documented unacceptably high sound levels in intensive care nurseries (ICNs). 1 These studies regularly reported A-weighted levels in the range of 55 to 75 dB. Such levels would be judged annoyingly loud by adults and are known to interfere with infant sleep and vital sign stability. 2 -12 Efforts at change have focused on reducing loud sounds and modifying staff behavior but not on improving baseline quiet to, say, 45 dB, a level typical of a suburban home at night and shown to maintain sleep for virtually all healthy term infants. 3 The effect of making changes in the physical space has not been documented in the clinical literature yet thousands of nurseries built during the 1970s or with 1970-era designs and materials continue in use worldwide without modification to improve noise levels.
This study has two objectives. The first is to identify the range and periodicity of sound levels in a busy ICN, particularly the degree and duration of relative quiet. The second is to document the cumulative effects of changes in staff behavior and in the physical space.
METHODOLOGY Choice of Measurements
Sound in a natural environment is constantly changing such that a variety of sound levels occurs within even a brief time period. A simple sound level meter integrates these levels to produce one measure of central tendency for the time period. Loud sounds in a variable environment will cause that representative measure to be high without revealing the presence of lower levels (more quiet moments) within the same time period.
To reveal the range of levels occurring within a time period a dosimeter is used. 13 A dosimeter is a sound level meter with sophisticated computing and data storage capabilities. The dosimeters used in this study (Larson-Davis Laboratories, model nos. 700 and 712, Provo, UT) met all requirements of the American National Standards Institute (ANSI) for type 2 instruments and were calibrated with an ANSI class 1 sound-level calibrator (e.g., Brüel & Kjaer sound level calibrator type 4231, Naerum, Denmark).
The discrete time period chosen for this study is an hour and the data, the sound levels (L n s), consist of hourly measurements repeated over a week's time. The dosimeter is programmed to record the distribution of L n s at specific cut points for each hour. The L n s chosen are:
o L max , the highest level of at least 1/20th second duration each hour o L 10 , the level exceeded 10% of each hour; a measure of relative loudness o L 50 , the level exceeded 50% of each hour; the median level o L 90 , the level exceeded 90% of each hour; a measure of relative quiet o L min , the lowest level of at least 1/20th second duration each hour
OBJECTIVES:
To document low sound levels, the range and pattern of levels, and the relative effects of operational ( staff and equipment generated ) and facility ( building generated ) noise on the acoustic environment of a level III nursery.
STUDY DESIGN:
A quasi -experimental, prospective, longitudinal study of one bed space. Operational noise was reduced through staff behavior change while facility noise was reduced through renovation.
RESULTS:
Initial noise levels were typical of those in the literature and in recently measured nurseries. About 80% of sound levels were between 62 and 70 dBA. The lowest levels ( L min ) were 60 to 65 dBA. After staff behavior change, L min was about 56 dBA although the highest levels ( L max ) remained at 78 to 100 dBA. Levels following renovation were reduced to L min s of 47 to 51 dBA and L max s of 68 to 84 dBA, perceived as three or four times quieter than initially.
CONCLUSIONS:
Staff behavior as well as the acoustical characteristics of the facility determine the levels of noise and quiet in an intensive care nursery. Original Article
Note that L 1 and L 99 could be used to show the nature of the distribution, but these levels would be very sensitive to outliers. Thus, it is standard practice to use L 10 , L 50 , and L 90 as measures of the distribution of community noise.
14 In addition, L max is used in this study because of the preterm infant's behavioral state and physiologic sensitivity to loud sounds and L min to locate the noise floor of the facility.
Nontechnical explanations of acoustical terminology and concepts are found in Gray. 15 Technical definitions can be found in Harris. 16 A complete description of the dosimetry methods used here is found in Gray and Philbin. 13 Study Design This is a quasi-experimental, longitudinal study of a single nursery. The first measurements were made before nursery noise was a focus of attention in the subject ICN and provide the baseline. These measurements are labeled ''naïve nursery'' and shown in Figure 1 . Four years later the ICN management adopted an infant development program educating staff regarding the deleterious effects of nursery noise and implementing written expectations for behavioral change. An expanded series of measurements was made 18 months after the program began. These are labeled ''staff change'' and shown in Figure 2 . The physical space, equipment, patient acuity, and location of infant beds including the target bed did not change between the first two series of measurements. (''Patient acuity'' refers to the degree of illness of the patient population of the nursery. More acutely ill infants usually require more staff in attendance and more equipment.) Two years after the ''staff change'' measurements and following a partial renovation of the physical space a third series of measurements was made. These are labeled ''space change'' and shown in Figure 3 . The location of patient beds in the majority of the space as well as the location of the target bed was unchanged by the renovation.
All sound levels used here are A-weighted, slow response. The A-weighted scale (dBA) is designed to represent the acuity of the human ear for relatively quiet sounds at various frequencies. 16 Because the A-weighted scale filters or discounts the levels of sounds above 10,000 Hz or below 400 Hz, this scale underrepresents, so to speak, very loud sounds at those frequencies. Thus, loud nursery sounds above 10,000 Hz or below 400 Hz contribute more to the actual noise burden of the nursery than the A-weighted scale reveals. However, although there is some technical debate about the appropriateness of the A-weighted scale for measurements of complex acoustic environments, all regulatory standards nevertheless use it. Individual loud sounds in the nursery can be accurately measured separately by a sound level meter (SLM) set at the linear scale to represent each sound as it occurs without discounting.
The single-time measurements of aggregate sound levels in Table 1 were made with a hand-held SLM meeting requirements for ANSI type 1 instruments (Brü el and Kjaer, model no. 2215) and recorded by an observer (M.K.P.) over single, 3-minute observation periods using the method described in Gray and Philbin. 13 
Numbers of Observations
The overall possible time span for data collection is limited only by the memory capacity of the dosimeter or the larger computer to which it is attached. The naïve nursery data ( Figure 1 ) consist of one set of dosimeter measurements for each hour of the week (L.G.) over 139 consecutive hours from a Friday evening through the following Thursday morning. Because of the variation across hours and days in that condition, staff change ( Figure 2 ) and space change ( Figure 3 ) data consist of multiple sets of measures for each hour of the week (M.K.P.) over a period of 4 or 5 weeks. Combining data for particular hours of a day was done according to the method described in Gray. 15 All measurements were made during nonholiday periods of typical census and activity.
Configuration of the Nursery and Target Bed Space
The subject nursery was a large, open rectangle approximately 30Â60 ft with bed spaces located on one long wall and both short walls. Equipment, supplies, secretarial space, a transition room, and the main entry doors were located on the remaining long wall. A work area with phones and reference materials was located at the center.
The target bed space was located opposite the main entry at the center of the long wall and was selected as a high-noise area after preliminary sampling of all the bed spaces with the SLM. For the naïve nursery measurements, the dosimeter microphone was attached to the wall approximately 8 ft from the floor and 4 ft behind the infant head area.
For the staff change and space change measurements the microphone was placed in the same bed location but suspended from an IV pole approximately 6 ft from the floor and 2 ft from the infant's head. In this location, the microphone was far enough from caregiving activity to avoid being bumped but nearer the infant head and more directly in the lines of speech and equipment noise than it had been in the naïve nursery measurements. Sampling the two microphone locations with the SLM showed that the change in 
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Changing Levels of Quiet in an Intensive Care Nursery placement resulted in slightly lower levels in the naïve nursery location. Therefore, sound-level reductions between the naïve nursery and staff change conditions were not due to changing the microphone location. All measurements were made when the target bed, an open warmer, was occupied. Throughout, there was no attempt to conceal the measurement equipment, which was small and essentially lost in the visual clutter at the bedside, or the nature of the data being collected.
Program of Staff Education and Behavior Change
The staff education and behavior change program focused on increasing awareness of preterm infants' reactivity to sound and setting clear behavioral expectations. Reading and discussing journal articles, small group education programs, humorous signs, more or less tactful reminders, and a brief nursing policy statement were used for this purpose. As in similar published programs staff were asked to exert conscious control over the sounds generated by themselves and the machines they controlled. 11, 18 Also, during this time nurses began to turn off the overhead fluorescent lights when they were not needed for a specific task. It was anecdotally observed that staff and visitors spoke more softly when the lighting was less bright, but this phenomenon was not measured. The only physical change was to replace the heavy-lidded, all-metal trash and linen bins with lightweight plastic receptacles to eliminate an obvious source of impact noise.
Actual effort at sound attenuation varied with the individual. Some staff groups appeared to welcome the opportunity of a quieter work place whereas others appeared to ignore the program. However, several months into the program occasional visitors from other areas of the hospital began to comment on the nursery's quietness. Regular staff, however, did not notice the change until a period of unusually low census and low patient acuity (e.g., few respirators) revealed a nursery that was startlingly quiet, even for those who had experienced other ''slow'' periods.
Renovation of the Physical Space
The renovation extended the space on the long axis by 15 ft, enlarged the central workstation, and preserved the short dimensions and overall shape of the room. Eight bed spaces were added to the new area. The air-handling ducts were reconfigured to eliminate the turbulence associated with long, straight runs and noise-reducing registers were added. The old, sheet vinyl floor was covered with a high-quality, bacteriostatic, monolithic carpet with chemically welded seams (Collins & Aikman, New York City, NY). Portions of the new ceiling were plaster but the largest areas were sound-absorbing panels (noise reduction coefficient of 0.90 to 1.0) suspended from a metal grid (Armstrong World Industries, Lancaster, PA). Separate lighting controls were provided for the central desk area and for each two-bed area. All lights were made to operate by dimmer switches.
Comparison with Current Nursery Conditions
To check whether conditions in naïve nursery are still common, two nurseries of similar size and patient acuity in two other US cities were measured in 1999 and 2000 using identical methodology and equipment to that described above. Data from those measurements are shown in Table 2 .
Data Analysis Data analysis to determine periodicity was performed on each sequence of measurements from each time period using autocorrelation and Fourier analysis. Because sound levels are measured in nonlinear units it is not meaningful to compare very dissimilar levels such as found in this study using parametric statistics. 15 Nonparametric statistical comparisons are inappropriate for these data because the very large sample sizes required for the primary purposes of the study favor significant differences, some of which may not be meaningful in terms of human perception. The more meaningful analysis of these data is by comparison with known standards relevant to human experience. Therefore, results here are compared with levels known to cause changes in preterm infant vital signs, with levels shown to interfere with infant sleep and adult speech intelligibility, and with levels established by regulatory agencies as community standards.
In judging the human impact of changes in sound levels the reader should keep in mind that perceived loudness of moderately loud sound is halved with each 3-to 10-dB decrease in sound level, depending on the frequencies of the sound. 20 Additionally, the more quiet the sound and the more its frequencies fall within the range of acute human hearing, the less the decrease required to halve the perceived loudness.
19,20

RESULTS
Visual inspection suggested that there were no clear and repeating cycles of high and low levels. Autocorrelation and Fourier analyses also failed to reveal periodicity in the data. Figure 1 shows the L n s for Friday evening through Thursday morning in the naïve nursery. The most remarkable aspect is the compression of L min through L 10 (within a range from about 60 to 70 dB) whereas L max rises well above them in the 80-to 90-dB range. Thus, whereas the loudest moments could be considerably louder than the majority of sounds, the quietest moments were barely discernible for their brevity and sameness with the ongoing noise.
One indicator of quietness is the median L 50 , the sound level exceeded 50% of the time. In naïve nursery L 50 ranged between 62 and 69 dB every hour. Exposures of 12 minutes at these levels would waken or disturb the sleep of at least 20% to 70% of healthy term infants.
3 Wake-up thresholds for preterm newborns at various gestational ages are not known. However, comparative studies of neurobehavioral development of preterm and full-term infants indicate that preterms tend to be more easily awakened by moderately strong stimuli than term infants even at term gestational age.
22,23
The wake-up thresholds for term infants, therefore, provide a conservative estimate of thresholds for preterms. The sounds at L max (75 dB and above) that occurred many times each hour in naïve nursery would consistently waken or disturb the sleep of all healthy term infants most or all of the time. 3 Noise in this nursery would interfere with the intelligibility of normal conversational speech between persons standing 6 ft apart 90% of the time. 17 The L 90 of 61 to 67 dB greatly exceeded US Environmental Protection Agency standards for outdoor spaces in Figure 2 . Sound levels following 18 months of staff education regarding deleterious effects of noise on infants and changes in management's expectations for staff behavior. There is more variation in sound levels and lower L n s overall although L max can still be very high. Staff effort maintains the maximum quiet possible ( L min ) within the limitations of the physical space at least part of every hour. Figure 1 . Sound levels in the naïve nursery. Continuous hourly dosimetry of one bed space shows an absence of periodicity in sound levels, marked compression of levels, extreme elevation of levels between early Monday morning and midday Tuesday, and high levels overall. The nursery never achieves levels that would be perceived by unbiased observers as quiet (e.g., < 50 dBA ). L max and L min are the highest and lowest 1 /20th seconds in a given hour. L n s are the levels exceeded a given percent ( n) of each hour. Figure 1 , before staff behavior change or renovation, is about the same as L 10 , the level exceeded only 10% of the time, after these changes. In rough terms this means that when the original nursery was perceived to be at its most quiet the noise level was the same or higher than when the renovated nursery was perceived to be at its most noisy.
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Changing Levels of Quiet in an Intensive Care Nursery ''very noisy urban residential'' areas and the L 10 s above 70 dB exceeded US Federal Highway Administration design criteria for hospital exteriors.
17
Also notable in Figure 1 is the extreme compression of L n s from shortly after midnight on Monday morning until noon on Tuesday. Dubbed ''Monday madness'' by staff, this heightened overall noisiness reflects the surge of activity and increased number of adults in the nursery that marked the beginning of a typical workweek.
In summary, the naïve nursery was never quiet: not in the middle of the night, not on the weekends. From 4 to 5 PM on 3 of the 5 days, however, there were moments of less noise (L min 56 to 57 dB) when physicians and technicians had left, and nurses were charting in preparation for the change of shift at 6:30 PM. These more quiet moments are captured as distinct downward spikes in Figure 1 on Saturday, Sunday, Wednesday, and to some extent on Tuesday. Similarly quiet moments did not precede the morning change of shift, however, when a large number of daytime workers begin coming into in the nursery. These low L min s in the afternoon indicate the possible ''floor'' or minimum levels for this space with the building's mechanical systems, ventilators, incubators, and other equipment in operation. Indeed, the measurements in Table 1 made in the empty room before renovation affirm that the quiet periods in the afternoon probably represented the minimum levels possible in the occupied space of naïve nursery. Table 2 shows that noise levels in the naïve nursery are similar to those measured in 1999 and 2000 in two other nurseries of similar size, patient acuity, and construction and located in two other cities. These comparisons indicate that although this longitudinal study required years to complete, the initial conditions of the naïve nursery are still present in contemporary nurseries. Figure 2 shows L n s for the staff change condition. The nursery was now operating with a wider range of sound levels indicating increased differences between quiet and noisy periods and lower levels over all. Most L n s show about a 5-dB drop making the staff change nursery sound about half as noisy (or twice as quiet) as the naïve nursery.
20,21 L max s were also reduced at times although they could be as high as those in the naïve nursery from time to time. (Note Thursday.) Surprisingly, ''Monday madness'' had disappeared. In the staff change nursery the L 90 s were nearly always 57 dBA or less, the level formerly achieved only occasionally during the charting hour in the afternoon. This indicates that staff effort maintained periods of quietness every hour that had been present in the naïve nursery only a few times a week.
In the staff change nursery the L 50 s of 58 to 64 dB lasting 12 minutes would waken or disturb the sleep of fewer healthy term infants (about 5% to 40%) than those of the naïve nursery. 3 The hourly L max s of 75 to 100 dB, however, would continue to waken or disturb the sleep of every healthy term infant exposed to them. Noise in this nursery would now interfere with the intelligibility of normal conversational speech between persons standing 6 ft apart between 10% and 50% of the time. 17 The L 90 of 56 to 60 dB was now within the US Environmental Protection Agency limits for ''very noisy urban residential'' outdoor areas and the L 10 s of 64 to 70 dB now met US Federal Highway Administration standards for hospital exteriors.
Figure 3 describes sound levels for the space change condition. Some aspects of the renovation amounted to an acoustic trade-off for the target bed space. For example, the smaller hand-washing sinks produced less noise than the old, steel surgical sinks, carpet reduced impact noise, and ceiling tile absorbed (prevented reflection back into the room) much of the sound reaching it. On the other hand, the enlarged, well-lit center workstation, located within a few feet of the target bed space, included a printer, computers, and more phones and became the preferred location for business as well as social activity. On balance, however, the overall quieting effect was such that the space change nursery would be perceived as three to four times more quiet than the naïve nursery. 20, 21 However, although all of the L n s dropped, the range of levels between L min and L 10 increased to just under 20 dB, and the acoustic floor was lowered to the upper 40s dB, the nursery continued to exceed all recommended permissible noise criteria. 9 The L 50 s of 51 to 61 dB lasting for 12 minutes would waken or disturb the sleep of 5% to 20% of all healthy term infants whereas the L max s of 68 to 84 dB would waken all of them only some of the time, when they exceeded 75 dB. 3 Nursery noise would interfere with the intelligibility of normal conversational speech between persons standing 6 ft apart only 10% of the time. 17 The L 90 s of 48 to 56 dB were now within the US Environmental Protection Agency limits for ''urban residential'' and ''noisy urban residential'' outdoor areas and the L 10 s of 58 to 68 dB now met US Federal Highway Administration standards for parks and ''other tracts of land requiring qualities of serenity and quiet'' as well as for the exterior of hospitals. 17 The cumulative improvements in levels of quiet of brought about by both staff behavior change and by renovation are illustrated in Figure 4 . It shows that L 90 for the naïve nursery essentially coincides with L 10 for the space change nursery; sound levels that were exceeded 90% of the time before any changes were exceeded only 10% of the time afterward.
In the space change nursery, high activity in one area did not translate to high noise levels throughout the room, an effect of sound absorbing materials on nursery surfaces. On one busy day, for example, the bed space next to the target bed was empty but two bed spaces away a jet ventilator was in use. While 7 staff attended a clinical emergency at that bed space, 13 other staff and 1 parent cared for other babies within 15 ft of the target space. And even though the senior attending physician judged, ''This place is jumpin' -as jumpin' as it ever gets,'' the overall level at the target space was only 54 dB. This result conforms with acoustic theory in that the effect of increased sound absorption is greater at a distance from the sound source than near it.
DISCUSSION
The results of this study can inform both hospital policy and facility planning. First, staff perceptions that the nursery was more quiet on nights and weekends were not borne out by the data. Education and policies in support of behavior change, therefore, were needed for all work shifts. More importantly, the persistent high levels of L max in the naïve and staff change nurseries and their relative reduction in the space change nursery show that in a traditional nursery of hard surfaces and crowding, high sound levels may be less amenable to reduction than moderate or low levels. That is, the very noisy events may persist even as overall levels are significantly reduced by staff effort. Therefore performance evaluation and quality improvement standards are better targeted at improving quiet by lowering L min , L 90 or L 50 in addition to L max rather than at a singular effort to lower L max alone. Having said this, the problem of loud noise bursts, such as those captured by L max , merit serious mitigation effort. Even the greatly reduced L max levels of space change nursery remain above 70 dB and are sufficient to cause physiologic changes in preterms and waken most or all healthy, term infants most or all of the time. 3, 7 Additionally, limitations on the degree of quiet possible in a nursery are likely to be determined by the building rather than by staff behavior. It is, therefore, important to determine the noise floor or lowest possible background level in each nursery space. This can be done with a high-quality SLM when the nursery is as quiet as possible (e.g., empty of patients and staff; during brief moments with ventilators operating but no staff movement or speech and no alarms, phones, or business machines sounding). An unacceptably high-noise floor measured in these conditions indicates a need for improvement in the acoustics of the facility itself.
The most important implication of this study for clinicians and hospital administrators is that changing key elements of the physical space can result in a far greater reduction in noise levels than human effort alone. The specific changes required for best effect vary with the conditions in each facility. Typical elements contributing to nursery noise and amenable to improvement during renovation are heating, ventilation, and air-conditioning systems, plumbing lines and fixtures, door mechanisms, surface materials on floors, walls and ceilings, and the locations of desks, storage areas, and travel paths. 19 An often-cited report of the effects of sound on preterm infant vital signs asserts that most of the noise in a nursery is under human control. 11 However, that report did not consider the effects of the physical space on noise. The study reported here shows that human effort at adopting more quiet work behaviors is necessary but not sufficient to creating a quiet environment. The building can be either friend or foe of these human efforts -a commonplace concept for acoustical engineers, but a new one for many clinicians.
